Ornithine :2-oxoacid aminotransferase (EC 2.6.1.13) has been purified over 400-fold with a total recovery of 14% from acetone powders of cotyledons of germinating squash (Cucurbita pepo, L.) seedlings. The pH optimum of the transamination between L-ornithine and a-ketoglutarate is 8 and the Michaelis constants are 4.7 mM and 6.3 mM, respectively. The enzyme has a molecular weight of 48,000 as determined by gel filtration. The reaction is essentially specific for a-ketoglutarate as the amino group acceptor. The enzyme is inhibited very strongly by hydroxylamine, and less severely by NaCN and isonicotinylhydrazide. No inhibition is observed in the presence of 10 mM L-cysteine. The energy of activation is 7.6 kcal/mole. The stability of the enzyme preparation is enhanced by the presence of dithioerythritol and glycerol. The enzyme activity of the most purified fraction is stimulated 30% by the addition of pyridoxal phosphate; however, the evidence for the unequivocal involvement of pyridoxal phosphate was inconclusive.
Proline, glutamic acid, and arginine are readily interconvertible in vivo (11) . Since the reactions concerned involved either ornithine or its transamination product glutamic-y-semialdehyde, it is likely that the L-ornithine: 2-oxoacid aminotransferase (EC 2.6.1.13) plays a key role in the necessary metabolic processes.
The presence of this enzyme has been reported in seedlings of pea and wheat (5), mung bean (2), sunflower (13) , peanut (8) , and pumpkin (14) . In the latter two species some characterization studies have been done but with preparations which have been only slightly purified. The present report describes 1 This research was supported in part by Contract 2-6633 from the National Aeronautics and Space Administration and Grant AP00699 from the Air Pollution Control Office. ' These studies form part of a dissertation submitted by T. S. L.
to the University of California, Davis, 'To whom requests for reprints should be directed.
the isolation and properties of a highly purified ornithine aminotransferase from germinating squash (Cucurbita pepo) cotyledons.
MATERIALS AND METHODS Seeds of Cucurbita pepo var. Black Zucchini were obtained from the Asgrow Seed Company in Woodland, Calif. Ammonium sulfate was the ultrapure enzyme grade from Mann Research Laboratories. L-Ornithine, a-ketoglutaric acid, pyridoxal-P, dithioerythritol, o-aminobenzaldehyde, sodium borohydride, and pronase were all purchased from Sigma Chemical Company. Sephadex and hydroxylapatite gel powders were, respectively, products from Pharmacia Fine Chemicals and Bio-Rad Laboratory. DEAE-cellulose in powder form was from Whatman Co. L-[U-"C]Glutamic acid and DL-[2-"C]ornithine were obtained from International Chemical and Nuclear Corp.
Plant Material. Squash seeds were soaked in running water overnight, then planted in vermiculite in glass trays. The trays were kept in the dark at room temperature. The seeds were given water daily for 6 days.
Preparation of Actone Powder. Cotyledons from 7-day-old seedlings were removed and cooled in ice. They were then homogenized at top speed at 5 C in a Waring Blendor for 30 sec in 5 volumes (v/w) of acetone which had been previously chilled to -15 C. The resulting slurry was filtered under suction and washed thoroughly with chilled acetone on a Biuchner funnel. The powder was dried at room temperature, then ground in a mortar and stored at -15 C. It has been stored for at least 3 months without loss of activity.
Assay of Enzyme Activity. The standard reaction mixture contained the following components at the concentrations listed: tris-HCl buffer (pH 8), 125 mM; L-ornithine, 50 mM; a-ketoglutarate, Na salt. 50 mM; pyridoxal-P, 0.05 mM; and enzyme. The final reaction volume was 2 ml. Usually the reaction was begun by the addition of a-ketoglutarate. The incubation was carried out at 30 C for 15 min and assayed for pyrroline-5-carboxylate as previously described (8) .
Protein concentrations were determined by the method of Lowry et al. (6) . Pyridoxal-P was determined colorimetrically by the procedure of Wada and Snell (19) .
RESULTS
A steady increase in the specific activity of enzyme preparations from cotyledon acetone powders was observed with increasing age of the seedlings. Seedlings were harvested at the age of 7 days since they were of convenient size and had high enzyme activity at this time.
Enzyme Purification. All procedures were carried out at 0 to 5 C. 1 4. The volume of solution was measured and 0.1 ml of 0.5 M Na-a-ketoglutarate was added for each milliliter of solution. The combined solution was then heated to 60 C, held at this temperature for 1 min, and then chilled immediately in a container of ice. After cooling to 10 C or below, any precipitate present was removed by centrifugation and discarded.
5. The supernatant solution from the heat treatment step was passed through a column of Sephadex G-75 (3.5 x 68 cm) which had been equilibrated with the standard buffer. It was then eluted using the same buffer with a flow rate of 15 ml/hr. Five-milliliter fractions were collected. The fractions with higher specific activity than that of the material put on the column originally were collected and pooled.
6. The pooled enzyme solution from the Sephadex column was put on a DEAE-cellulose column (1.8 x 30 cm) which was equilibrated with standard buffer. It was eluted with a linear gradient of 0 to 0.6 M NaCl in standard buffer. The fractions were collected in 3-ml aliquots and those containing the enzyme were pooled.
7. The pooled material from the preceding step was dialyzed overnight against standard buffer and then rechromatographed on the DEAE-cellulose column and eluted as before. 8 . The pooled active fractions from the second DEAEcellulose run were dialyzed against standard buffer and then placed on a hydroxylapatite column (1.2 X 18 cm) which had been equilibrated with standard buffer. The column was then washed with 0.05 M potassium phosphate buffer, pH 7.2, containing 15% glycerol and 5 mm dithioerythritol. The active fractions were then eluted by a solution of 0.15 M potassium phosphate buffer, pH 7.2, containing 15% glycerol and 5 mm dithioerythritol.
The results of a typical purification are summarized in Table  I . The purest enzyme preparation (step 8) had three bands examined by standard polyacrylamide disc gel electrophoresis as described by Davis (3) .
In the process of developing this protocol for enzyme purification, the following odd features were observed. (a) Changing the concentration of the extraction buffer from 0.2 M to 10 mM did not affect the amount of enzyme extracted, but the protamine sulfate step was more effective when 10 mm buffer was used for extraction. (b) Much better results were obtained conversion as a function of time was linear up to at least 40 min under our assay conditions. Within the limits of enzyme concentration tested (up to 90 ,ug of step 8 enzyme) a linear relationship was observed between activity and amount of enzyme. The pH for maximum activity was determined using both phosphate and tris-HCl buffers. The optimum activity was obtained at pH 8 with both buffers. The optimum was quite marked at this pH.
Stability of Enzyme. The presence of dithioerythritol and glycerol enhanced the stability of storage of the enzyme preparations. With step 3 enzyme preparations 36% of the original activity was lost in 14 days storage at -20 C. Addition of 5 mM dithioerythritol maintained the original activity completely.
After gel filtration or dialysis there was a loss of activity immediately, with further loss on storage even in the presence of dithioerythritol. The addition of glycerol to a final concentration of 15% in addition to the 5 mm dithioerythritol stabilized the original activity for weeks at -10 C even with repeated freezing and thawing.
The reaction rate at different temperatures was measured, and by means of an Arrhenius plot (Fig. 1) In the case of D-ornithine and N-a-acetylornithine, the oaminobenzaldehyde assay was also done. With N-ar-acetylornithine, the assay procedure was modified to that of Suidi and De'nes (16) . D-Ornithine and N-az-acetylornithine were 8.5 % and 1 % as active as L-ornithine, respectively.
Inhibition by Various Amino Acids. In the presence of a number of other amino acids, some inhibition of L-ornithine transamination was observed (Table III) . Lysine, proline, and glutamine were unusual in having no effect. Leucine, isoleucine, and valine were the most inhibitory giving inhibitions up to 74%. Determination of Molecular Weight by Gel Filtration. The procedure was that developed by Andrews (1) . A column of Sephadex G-75 (3 x 55 cm) was equilibrated with standard buffer before each standard protein or enzyme sample was put on. /3-Dextran was used to measure the void volume (V5) of the column. Proteins of known molecular weight were placed on the column and their elution volume determined. The positions that gave a maximum reading at 280 nm and maximum enzyme activity were adopted as elution volume (Ve) for standards and enzyme, respectively. The ratio of Ve/V5 of each standard was plotted against log molecular weight to construct the standard curve (Fig. 2) . The molecular weight of the enzyme obtained by this method was 48,000 daltons. All keto acids were used at the same concentration as a-ketoglutarate in the standard reaction mixture. The assay was carried out according to the standard procedure. In the case of glyoxylate, a heat-inactivated enzyme control was included so as to measure the significant nonenzymatic transamination which occurs with this substrate. The difference between the heat-treated control and the active enzyme reaction mixture was used as a measure of the enzymatic conversion. Step (19) , and mung bean seedlings (2) . DOrnithine did give a significant activity compared to L-orMithine, but this could be attributed to the possibility that there was a trace of L-ornithine in the commercial D-ornithine preparation, or that some racemase activity might exist in the enzyme preparation. The finding that leucine, isoleucine, and valine were the strongest inhibitors among amino acids for the enzyme is also in good agreement with results obtained with the Chlanydomonas enzyme (17) . Glutamic acid was slightly inhibitory and did not activate the enzyme as observed by Jenkins and Tsai (4) with a pig kidney enzyme. The stabilization of the enzyme by the presence of dithioerythritol suggests that -SH groups of the enzyme are important. The molecular weight of 48,000 is much smaller than those previously reported from animal sources. Molecular weights of the enzyme from rat liver (10) and pig kidney (4) were reported to be 132,000 and 248,000, respectively.
The enzyme was inhibited by carbonyl reagents such as hydroxylamine and cyanide, in accord with all aminotransferases so far studied. In those enzymes sudied in detail, pyridoxal-P has invariably been shown to be the coenzyme. Four moles of pyridoxal-P per mole of protein have been found for the homogeneous L-ornithine-aminotransferase from pig kidney (4) . Attempts to establish a pyridoxal-P requirement for the present enzyme have yielded equivocal results. The following evidence favors such a requirement for this enzyme. The cofactor stabilizes the enzyme activity against extensive dialysis. (c) After pronase hydrolysis a positive result was obtained by colorimetric assay for the presence of the cofactor. The enzyme could not be made completely dependent on the addition of pyridoxal-P and the stimulation by exogenous pyridoxal-P did not increase with increasing enzyme purification. Stimulation of enzyme activity by added pyridoxal-P as well as its stabilizing properties could be a result of an indirect effect on the enzyme such as a conformational change when the cofactor is nonspecifically bound to the enzyme protein. 
